CEBAF Program Advisory Committee Eight Cover Sheet

This proposal must be received by close of business on Thursday, April 14, 1994 ac:
CEBAF
User Liaison Office, Mail Stop 12 B
12000 Jefferson Avenue
Newport News, VA 23606

Proposal Title

PHOTOPRODUCTION OF VECTOR MESONS OFF NUCLEI

Contact Person
~| Name: MIKHAIL V. KOSSOV
| Institution: CEBAF
| Address: 12000 JEFFERSON AVENUE
Address: PHYSICS DEPARTMENT, MS-12H
City, State ZIP/Country: NEWPORT NEWS, VA 23606
Phone: (804) 249-7175 FAX: (804) 249-5800
E-Mail — Internet: CEBAF::KOSSOV, KOSSOV@CEBAF.GOV

R

.| Experimental Hall: 8

Total Days Requested for Approval: 12

Minimum and Maximum Beam Energies (GeV): E.=1.2-2.2 GeV
Minimum and Maximum Beam Currents (pAmps): 5-107 photons/sec.

/ -+ - CEBAF Use Only
Receipt Date: 1) /;3/‘,"4 PK ’fL] — ¢ A
|
Al f( . .
By: i

N




HAZARD IDENTIFICATION CHECKLIST

CEBAF Experiment: CLAS Date: _4/14 /94

Check all items for which there is an anticipated need—do not check items that are part

of the CEBAF standard experiment (HRSE, HRSH, CLAS, HMS, SOS in standarc
configurations).

Cryogenics Electrical Equipment Radioactive/Hazardous Materials
beamline magnets cryo/electrical devices | List any radioactive or hazadorous/
analysis magnets capacitor banks toxic materials planned for use:

target high voltage
drift chambers exposed equipment
other

Pressure Vessels Flammable Gas or Liquids Other Target Materials
inside diameter (incl. target) — Beryllium (Be)
operating pressure type: — Lithium (Li)
window material flow rate: —  Mercury (Hg)
window thickness capacity: V. Lead (Pb)
Tungsten (W)
Uranium (U)
Other (list below)
Catbon(C)
Tyon (Fe)

i

Vacuum Vessels Radioactive Sources Large Mech. Structure/System

inside diameter permanent installation lifting devices
operating pressure temporary use motion controllers
window material type: scaffolding or elevarted
window thickness strength: platforms
— other

Lasers Hazardous Materials Notes:

type: ___ cyanide plating materials

wattage — scintillation oil (from)

class: — PCBs

- _—_  methane

Installation ___ TMAE
permanent — TEA
temporary —— Pphotographic developers

other (list below)

calibration
alignment

e EEEEEEEE——



Photoproduction of Vector Mesons off Nuclej

Spokespersons: P.-Y. Bertin, M. Kossov, and B.M. Preedom

W. Brooks, V. Burkert, D. Joyce, B. Mecking, M.D. Mestayer,
B. Niczyporuk, E.S. Smith, R.R. Whitney, A. Yegneswaran
CEBAF, Newport News, Virginia

D.C. Doughty, D.P. Heddle, M.V. Kossov, Z. Li
Christopher Newport University, Newport News, Virginia

S. Boiarinov, P. Degtyarenko, E. Doroshkevich,
N. Pivoyuk, O. Pogorelko, A. Vlassov
Institute of Theoretical and Ezperimental Physics, Moscow, Russia

C. Hyde-Wright, A. Klein, S. Kuhn, L. Weinstein
Old Dominion University, Norfolk, Virginia

L. Elouadrhir, R.S. Hicks, R. Miskimen, G.A. Peterson, K. Wang
University of Massachusetts, Amherst, Massachusetts

A. Coleman, M. Eckhause, H. Funsten,
J. Kane, P. Rubin, T. Tung, R. Welsh
College of William and Mary, Williamsburg, Virginia

L. Dennis and P. Dragovitsch
Florida State University, Tallahassee, Florida

M. Gai

Yale University, New Haven

G.S. Blanpied, C. Djalali, B.M. Preedom, C.S. Whisnant
University of South Carolina, Columbia, SC 29208

P.-Y. Bertin
Université Blaise Pascal, F63177, Aubiére CEDEX, France

G. Audit, P.A M. Guichon, M. Guidal,
J. Marroncle, L.Y. Murphy, B. Saghai
Centre d'FBtudes de Saclay, F91191, Gif-sur-Yvette CEDEX, France



OVERVIEW

This proposal is based on ideas presented in two earlier letters of intent: LOL
89-01 by P.-Y. Bertin and P.A.M. Guichon, and LOI-93-004 by B.M. Preedom and
P.Y. Bertin. The proposal aims at determining the properties of vector mesons
in nuclear matter. At high baryon density the mass of vector mesons is predicted
to change due to chiral symmetry restoration. The predicted downward shift of
the vector meson mass is 10 % or about 100 MeV, The photoproduction of vector
mesons near threshold can be used to measure the mass of vector mesons embedded
in nuclear matter. At CEBAF energies, the production of p-mesons off heavy nuclei
is the ideal experiment to determine the p-meson mass shift in nuclear matter. A
second possibility is to measure the mass shift for narrow vector mesons. Because
of the long decay length c7, only a small fraction of these vector mesons will decay
mside the nucleus. However, since the mass shift is predicted to be substantial
relative to the natural width, these decays will be easier to separate from vector
mesons decaying outside of the nucleus.

Detecting the leptonic decays of vector mesons is the only reliable way to mea-
sure the mass shift of vector mesons, because the hadronic decay in nuclear matter
1s always disturbed by final state interactions. The small cross sections of inci-
dent photons and outgoing electrons for secondary interactions with nuclear matter
makes this reaction the ideal probe for testing the properties of the dense central
region of the nucleus without significant input and output distortions. We propose
to measure the A(y,eTe™)A' reaction, which can be identified in the CLAS detec-
tor. Energy deposition in the electromagnetic calorimeter, Cerenkov counter signal,
and transverse momentum compensation define clear cuts for the separation of the
ete™ events from the large hadronic background.

We propose to take data on four nuclear targets simultaneously: deuterium,
carbon, iron, and lead with a beam intensity of 5 - 107 tagged photons per second in
the energy range 1.2 + 2.2 GeV (E, = 2.4 GeV). Setting the magnetic field of the
CLAS detector to half its maximum value was found to be optimal for this photon
energy range. Tagged photons are used to determine kinematics of the reaction.
In the off-line analysis, the e*e™ mass spectra can be analysed under different
kinematical conditions. Specifically, coherent vector meson production, which is
expected to take place outside of the nucleus, can be suppressed by detecting the
recoiling nucleon (proton or neutron).



1. Introduction.

Vector mesons play an important role in photonuclear reactions because they
carry the same quantum numbers as the incident photon. It has recently been
suggested by G.E. Brown and M. Rho [1] that the mass of vector mesons could
decrease with increasing baryon density. This phenomenon would provide a phys-
ical observable for chiral symmetry (x°) restoration at high baryon density, an
essential non-perturbative phenomenon associated with the structure of quantum
chromodynamics (QCD). According to the constituent quark model the difference
between the mass of the valence quark (m,) and the mass of the current quark (m.)
is expected to be proportional to the mean vacuum value of the quark condensate:
my — me o (Y¥)y. The mass difference appears because of chiral symmetry break-
ing (x*#). QCD sum rule calculations [2] show that the value of this difference is
about 300 MeV for all quarks. If the mean vacuum value differs from that for the
hadron density in nuclei, then the constituent quark mass should be renormalized
as follows: m! = m. + %ﬁ—iiﬁ - 300M eV, where the indices n correspond to nuclear
matter and v to vacuum. The same conclusion was reached in a nuclear matter
model based on quark degrees of freedom [3,4]. Using the symmetry properties of
QCD in an effective Lagrangian theory, Brown and Rho [1] have found a scaling
law for the vector meson masses at finite baryon density: %% = %gﬁ = %—, where fi
15 the m — pv decay constant playing the role of an order parameter for the chiral
symmetry restoration. At nuclear density the value of fr was found to be 15-20%
smaller than in vacuum. In contrast to the constituent quark model, it was found
that Hfr = (S282e)1/3,

The dependence of the density of the quark condensate on the nuclear density
[5] is shown in Fig. 1(a,b) for two values of the nucleon o term: oy = 30 MeV and
oy = 45 MeV. The solid lines are for the Nambu-Jona-Lasinio chiral quark-meson
model [6], the dashed lines are for the Gell-Mann-Levy chiral quark-meson model
[7]. Nevertheless, the issue of the mean value of the quark condensate in nuclear
matter is not completely resolved from the theoretical point of view. According to
a recent estimate [8] the mean value of the quark condensate in nuclear matter first
decreases with increasing nuclear density, then rises and, at mean nuclear density,
becomes 5% larger than in vacuum (Fig. 1(c)). This is presently the only calculation
which does not predict a significant shift for the vector meson masses. The mean

value of the theoretical predictions for the mass shift for vector mesons is about 100
MeV.

The characteristic features of the vector mesons are shown in Table 1. In addi-
tion to the well known lepton and hadron branching ratios, the table contains the
vector meson masses and widths and the masses of the first excited vector meson
state (V') which determine the coherence length {;. Even at 2 GeV the boosted
coherence length (the tabulated value should be multiplied by the v factor E,/my)
is of the order of 1 fm, only. It is small enough to be neglected in comparison to the

3
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(Gq) »/{@q)o vs the ratio of the nuclear matter densities p/po.



‘Suosaw ® pue d 1o} uonoas sso.uod uononposdoloud "z b4

(A29) 43
8 9 174

T T

woag uouoiyiuly JyS =
WHHEBgY

q)
'ID j9 woypg e

M0 w—d4

pe

e ——

uoy21pasd abuoyoxs uold — !

(avel) biaquasiy i

(b261) 1o 43 zusg -
(d-de—ul)o

L)
]
L]
1
]
1
]
1
[}
L]
1
\
1

(0}

\
{2bosean czu._vvco.._zqoafnbb\\ ._, ;
1)

4
of -

L
LRI L A R I |

!
Q

151

=02

-16¢

T T 1 { T LI |
e 0r
[A®0) s

[qrf)uoysag ssosy



nuclear radius. The formation length {7, a parameter of the Vector Meson Domi-
nance (VMD) model, which determines the photon absorption in nuclear matter is
shorter by a factor of two. Therefore, we do not expect any significant distortion
due to shadowing. The main parameters of the table are the decay length (c7)
and the cross section for vector meson interaction with nuclear matter. We expect
the maximum count rate at E, = 1.5 GeV where both p and w production cross
sections reach their maximum values (Fig. 2). For this energy all length scales are
boosted by a factor of two. Thus, the decay length is expected to be 2.5 fm for
the p-meson, 45 fm for the w-meson, and 85 fm for the ¢-meson. These lengths
should be compared to the radii of the target nuclei: 2.5 fm for carbon, 4.5 fm for
iron, and 6.5 fm for lead. A simple calculation shows that 63% of the p-mesons will
decay inside carbon, 83% inside iron, and 93% inside lead. For the narrow vector
mesons the situation is different: even inside lead, only 13% of the w-mesons and
7% of the ¢-mesons will decay. However, the shifted ete~ mass distribution for the
narrow vector mesons should be clearly separated from that for the vacuum decay.
It should be mentioned that according to Bertin and Guichon [3] the ¢-meson is
not expected to be shifted because in first approximation the ¢ does not couple to
the nuclear field.

Table 1. Characteristics of the Vector Mesons.

Parameter p-meson w-meson ¢-meson
Lepton branching (T';/T)[e*e™(0.0044%) ete=(0.0072%) ete™(0.031%)
Hadron branching (T's/T)[  27(100%) |37(89%), 27 (2%) 2K(84%),3n(12%)
my (MeV) 768. 782. 1019.
Ty (MeV) 151.5 8.4 4.4
my (MeV) 1465. 1394, 1680.
er (fm) 1.3 23.4 44.4

ov n(mb) 21. 21. 12.

It = 1/Amy (fm) 0.26 0.26 0.23
l, = 2/my (fm) 0.52 0.51 0.39

The diagrams for vector meson photoproduction off nuclei are shown in Fig. 3.
The production mechanisms were discussed in detail in the proposal PR-93-012
”Electroproduction of Light Quark Mesons” for hydrogen and deuterium targets.
It was shown that the diffractive mechanism (Fig. 3a) and One Pion Exchange
(OPE) mechanism (Fig. 3b) give the bulk of the vector meson production. p-meson
production is dominated by the diffractive mechanism. The OPE mechanism can
be isolated by subtracting the diffractive contribution from the w-meson production
which is approximately equal to one ninth of the diffractive contribution to the p-
meson production. Isolation of the OPE contribution will allow the investigation of
the pionic degrees of freedom in nuclear matter.



Vector Meson Photoproduction off ruclei.
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Fig.3. Feynman diagrams of Vector Meson Photoproduction off nuclei
a. Diffractive photoproduction of Vector Mesons;
b. One Pion Exchange mechanism of photoproduction.
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To measure the mass shift in nuclear matter for vector mesons the following

conditions should be fulfilled:

(2) Photoproduction off heavy nuclei to increase the probability for the vector
meson to decay inside the nucleus.

(i) Photoproduction near threshold to keep the boost small.

(i4i} Option to utilize detection of the recoiling nucleon to suppress coherent pro-
duction.

The first rough simulation was made without taking the p/w mixing into account
[3]. The results of the simulation for heavy nuclei are shown in Fig. 4. One can
clearly see the shift of the p-meson mass. More complicated calculations taking the
p/w mixing into account [9] are shown in Fig. 5 for different p mass shifts. The
p/w mixing effect emphasizes the effect of the mass shift in the regron to the left
of the sharp w-meson peak. The attractive feature of the proposed measurements
is the direct comparison of a vector meson that decays mostly inside the nucleus
(p-meson} with a vector meson that decays mostly outside of the nucleus (w-meson).

2. Existing Data.

2.1. K*-nucleus scattering and the vector meson mass shift.

Elastic and total cross sections for K *-nucleus scattering are sensitive to the
density-dependent effective masses of the vector mesons whose exchange is thought
to be responsible for the dominant part of the low energy Kt-nucleon interaction,
since one-pion exchange is not allowed [10]. In this respect, the K+ interacts with a
nucleon the same way as a virtual photon. In Fig. 6 one can see the sensitivity of the
measurements [11]. The A parameter denotes the percentage of the vector meson
mass reduction. The best fit to the data corresponds to a 10% mass reduction.

2.2. Photoproduction of vector mesons off nuclei.

Vector meson properties in nuclear matter were discussed by Friman and Soyeur
[9] on the basis of the existing experimental data [12,13]. It was pointed out that,
at present, there are no data on the electromagnetic production ofvector mesons
off nuclei at low energies (near threshold). On the other hand, the existing data at
v =35 GeV correspond to light nuclear targets (Be and C). As a result, only a
small fraction of the p-mesons can decay inside the nucleus. Therefore, the existing
experiments are not sensitive to the mass shift.

The contribution of the Bethe-Heitler (BH) process which increases with the
atomic number of the nucleus as Z2 has to be subtracted from the measured (ete™)
mass distribution (Fig. 7, [14]). This can be an additional source of systematic
errors for vector meson photoproduction off heavy nuclei. It should be noted that

the detection of the secondary nucleon will eliminate the contribution of the Bethe-
Heitler process.
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In Fig. 8 the subtracted (e*e™) invariant mass spectrum is shown. The dotted
line was calculated for the free values of the vector meson parameters. At high
energy (Ey = 5.1 GeV) and on a light nucleus, the existing experimental data can
be described without using a p-meson mass shift.

There are no data for ¢-meson photoproduction off nuclei in the A(y,ete™)
reaction. It has been predicted that the reduction in the ¢-meson mass is dependent
on the amount of strangeness in the nucleon [15]. In Fig. 9 one can see the predicted

mass shift for the ¢-meson for two values of Y = { (ua)z;i(:d)”)-

3. Proposed Experiment.

3.1. Experimental Procedure.

‘The proposed experiment will use the CEBAF Large Acceptance Spectrometer
CLAS to measure e*e™ pairs resulting from vector meson photoproduction off nu-
clear targets. The main goal of the experiment is to measure the shift of the vector
meson mass In nuclear matter. The large acceptance of the CLAS detector will
allow to measure the ete™ mass spectrum in a wide range of kinematics, ranging
from coherent production at small angles to incoherent production at large angles.
Particle identification in CLAS allows to separate the leptonic decay of the vector
mesons from the large hadronic background. In addition, detection of the recoil-
ing nucleons will make it possible to suppress the Bethe-Heitler background and
coherent vector meson production.

The data acquisition system will be triggered by the detection of two electro-
magnetic particles with opposite charges. A typical p photoproduction event at
Ey = 1.5 GeV is shown in Fig. 10. In the hexagonal insert a longitudinal view of
the event is shown. The sector plane (mid plane of each sector) projection repre-
sents all six sectors (sectors 1-3 and sectors 2-4 are superimposed). A Monte-Carlo
program was used to estimate the detection efficiency of CLAS for ete events.
The efficiency is shown in Fig. 11 as a function of the photon energy E, for w and
¢-mesons. The efficiency was calculated under the condition that both electron and
positron were detected by all 6 drift chambers, by TOF scintillator counters, by
Cerenkov counters, and by the electromagnetic calorimeters. The solid curves were
calculated with good statistics by a fast Monte-Carlo program that describes the
detector geometry approximately. The points in the figure were obtained by a full
reconstruction of simulated individual events. The dashed line was calculated under

the additional condition that the recoiling proton was detected by drift chambers
and scintillation counters.

The 7 /e rejection in the CLAS detector for particles with 1 GeV/c momentum
is sufficient to suppress the large hadronic hackground from m+a- pairs. Compat-
ing the energy deposition in the electromagnetic calorimeter with the momentum
obtained from the trajectory analysis gives o pion suppression by a factor 2- 1072,
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the Cerenkov counter signal will suppress pions by a factor 4 - 10~3. The result-
ing total suppression factor (107*) should be compared to the branching ratios:
4-10~° for p-mesons, 7- 10~ for w-mesons. We will require that both particles are
identified as electrons, hence the contamination of the event sample by pion pairs
can be estimated to be around 10™%. The vp — nax*r° (yn — pr~w°) reaction
and accidental coincidences between electrons (positrons) and hadronic background
increase this contamination to the 10~ level. The background of e*e~ pairs from
the YN — N7°n° reaction is approximately of the same order and can be removed

in the off-line analysis (large missing energy, additional electromagnetic particles in
the event).

For heavy nuclei, the effective mass distribution could be distorted by the
Coulomb final state interaction of the electrons with the nuclear field. This is
an obvious difference between the decay inside and outside of the nucleus. In a
crude estimate, we simulated the ete™ decay inside the nucleus and added 10 MeV
to the e™ and subtracted 10 MeV from the et. The modification of the electron
momenta is comparable to the experimental momentum resolution (7 MeV/c). The
resulting mass shift is 1 + 2 MeV . Our conclusion is that final state interaction
of the electrons with the nuclear Coulomb field cannot generate the effect of chiral
symmetry restoration in nuclear matter.

3.2, Cross Section Calculation and Count Rate Estimates.

For the description of the cross section for p and w-meson production we used
the same model for vector meson production [16-18] that was used in PR-93-012 for
the estimation of the vector meson production on a hydrogen target.

The cross section for vector meson production at 1.5 GeV is fairly high (25
#b). For a 1 g/em? target, 5- 107 photons per second, and in the 1.2 + 2.2 GeV
tagged photon energy range, 700 p-mesons are produced per second. The small
branching ratio for the e*e™ decay reduces this number by a factor 4.4 - 1075, ie.
about 20 eTe™ decays of the p-meson can be detected per hour (at 20% detection
efficiency). Approximately 10 ete~ pairs will be detected as a result of w decay
(the production cross section is 7 ub, i.e. 200 w-mesons per second). As a result, 30
p and w vector mesons will be detected per hour. According to this estimate, the
total event sample for light nuclei (12C) will reach 104 events in 288 hours. This is
an order of magnitude larger than the total world statistics (700 events for the '2¢
target (NINA) + 1200 events for the ®Be target (DESY)). In addition to the large
event sample, the main advantage of our data is the closeness to the production
threshold. For heavy targets our data will be unique. Detection of the secondary
nucleon can reduce the Bethe-Heitler contribution, if necessary. The CLAS detector
has approximately 60% acceptance for the forward nucleons. Another option to
suppress the coherent process for heavy nuclei is eliminate events with small —¢. It

should be noted that near threshold —#,,,, is large, and the coherent contribution
is small.
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Table 2. Count rates for vector meson photoproduction off nuclei.

Nuclide | p(¢n/out), perhour| w(in/out), perhour d(in/out), perhour
2¢ 13/7 0.7/9.3 0.5/14.5
6 Fe 17/3 1.0/9.0 0.7/14.3
207 pp 19/1 1.5/8.5 1.0/14.0

The event rates in the CLAS detector are given in Table 2 for mesons decaying
inside (in) and outside (out) of the target nucleus. It should be noted that the
shift in the effective mass of the ¢-meson is unlikely to lead to a narrow secondary
peak. Since the nuclear density varies over the nuclear volume the mass shift will
be smeared out.

4. Run Time Request.

We request 12 days (288 hours) of run time for the CLAS detector with a tagged
photon beam intensity of 5107 photons per second. All targets (D, C, Fe, Pb) will
be in the beam and will be measured simultaneously. Vertex reconstruction will be
used to distinguish the different targets. The estimated z-resolution for e+e— events
is 0.5 mm. We propose to separate the nuclear targets by 1.4 ¢m and distribute
the heavy targets over 2 cm intervals (Fig. 12). Distributing the targets will reduce
the effects of multiple scattering of the outgoing electrons and suppress accidental
coincidences by adding a vertex constraint to the time coincidence. The nuclear
targets (3 cm diameter each) will be placed inside a 4 cm diameter carbon fiber
tube.

We do not plan on using the start counters which will be required for the
standard tagged photon beam measurements. For B = 1 particles, the start time
can be reconstructed using the TOF counters of the CLAS detector. The removal
of the start counters will make it feasible to use the Mini-Torus magnet (Fig. 12)

to suppress the background of soft electrons which are copiously produced in heavy
nuclear targets.

5. Expected results.

The expected results for 288 hours of run time are presented in Fig. 5. The
error bars on the data points illustrate the expected accuracy of the proposed mea-
surements. There are no theoretical calculations for heavy nuclei, but the accuracy
of the measurements will be approximately the same. The experimental mass res-
olution for w and ¢ are 4.4 + 0.3 MeV and 6.0 + 0.5 MeV. Note that the mass

resolution of the CLAS detector is approximately an order of magnitude smaller
than the predicted mass shift.

For heavy nuclear targets, the probability of bremsstrahlung emission is quite
substantial (the 1 g/em? Fe target is 7% in radiation length, the Pb target is 16%

8



in radiation length). If the bremsstrahlung photon is not detected in the CLAS
electromagnetic calorimeter, bremsstrahlung emission can smear out the effective
mass resolution for heavy nuclei. So special attention should be paid to the detection
of additional low energy photons in the ete™ events (in the direction of e* and e ).

6. Future Developments.

The future development of the vector meson photoproduction off nuclear targets
depends on the availability of higher energy and higher intensity photon beams. At
E, = 6 GeV, one can investigate the photoproduction of radially excited vector
mesons, e.g. «'(1390), p'(1450), w"(1600), ¢'(1680), and p"(1700). If the vector
meson mass shift exists, these measurements will be very interesting because all
radially excited vector mesons have a short cr (about 1 fm), and the low production
cross sections are compensated by higher branching ratios for ete™ decays.

It is not only possible to measure the production cross sections for vector mesons
but also their polarization. It is known for the photoproduction of vector mesons
off hydrogen that the vector mesons are transversely polarized. The influence of
the propagation of vector mesons in the nuclear medium on their polarization can
be measured.

At 8+ 12 GeV, one can measure the production of the J/1-mesons near thresh-
old. In this measurement the modification of J/¢-meson properties in nuclear
matter can be investigated. At energies 6 +8 GeV one can measure the production
of J/y-mesons below the production threshold on a free nucleon. In the proposed
experiment, we will already obtain some information on the production of light
quark vector mesons below threshold. On the basis of these data the feasibility

of measuring J/y-meson photoproduction below threshold at E, < 8 GeV can be
determined.

7. Summary.

The proposed experiment will be the first measurement of vector meson photo-
production off nuclei near threshold. The experiment is dedicated to the measure-
ment of the vector meson mass in nuclear matter. At CEBAF energies, p-mesons
decay mostly inside the nucleus, while w-mesons decay mostly outside of the nu-
cleus. p/w mixing in nuclear targets (especially in the ete~ decay mode) can be
very sensitive to the mass shift of vector mesons in nuclear matter. The mass shift
has been calculated in the framework of different quark models. However, the effect
has never been tested experimentally. This test is a perfect match for CEBAF be-

cause the measurements are best performed near the vector meson photoproduction
threshold.
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